A model of an Open60' class boat has been instrumented with slam patches in order to measure hydrodynamic forces acting on the bottom of the hull as a result of slamming. Drop tests and seakeeping tests have been performed to investigate the relative influence of different variables on the magnitude of slamming loads. Results are presented together with a discussion of the issues involved with this particular measurement technique.
INTRODUCTION
The past twenty years have witnessed a formidable progress of the performance of racing yachts. Advances can be ascribed in large part to the new possibilities opened up by the use of polymeric composite materials. The science of structural design has moved forward in parallel. Better understanding of the mechanical phenomena together with wider availability of powerful tools like finite element analysis and fast computers have contributed to this development. At present, many agree that the problem is not so much "how to design and build a structure to resist a given load", but rather "what loads should the structure be designed for?". As performance is continuously increased, new problems appear, need to be understood and then solved. A typical example of this was the extensive delamination of the front crossbeams experienced by three maxi catamarans competing in "the Race 2001": this problem, previously known to designers of fast ferry catamarans, was induced by the considerable loads associated with "wetdeck" slamming. It was only when yachts were built that could regularly sustain average speeds in excess of 30kts, that the problem became known in the world of sailing.
One of the challenges currently faced by designers is the difficulty of obtaining accurate predictions of dynamic loads and response. In this respect, the phenomenon of slamming and its effects on the structure present one of the areas of greatest interest. The problem has been known now for quite some time and the "solutions" found so far have often been the result of a successful empirical approach. This was due more to the tremendous complexity of the engineering problem to be solved than to a lack of technical knowledge. In the recent years, two problems have appeared which have made the need for scientific advances more strongly felt: firstly, it is believed that minor structural failures initiated by slamming loads are common. However, due to the lack of well-established structural monitoring procedures such as those commonly found in the field of aeronautics, these may go unnoticed for long periods and, when eventually discovered, be associated with the wrong cause. Besides financial considerations may induce builders, designers and even owners to keep these failures more or less secret, thus hindering the basic mechanism of empirical progress. Secondly, the constant demand for increasing performance, more and more often leads designers into "untrodden territories", where no previous experience can help.
With the aim of promoting the knowledge of the dynamic loads initiated by slamming on offshore sailing monohulls, a research project was started in 1998 in collaboration between the Department of Ship Science of the University of Southampton and Groupe Finot Naval Architects. As a result, a large amount of experimental data was collected through measurements performed on yachts engaged in long transoceanic passages [13] . In parallel, an experimental investigation of bottom slamming pressures based on model test was started in Southampton. The details of this particular study are presented in this paper.
EXPERIMENTAL SET-UP
For the investigation of slamming loads a 1/7 th, scale model of an Open 60' (see table 1 for details) was outfitted with "slam patches". The use of a similar method has already been reported by Kapsenberg et al. [10] and by Purcell et al. [14] . The principle of slam patches for the measurement of hydrodynamic bottom pressures is straightforward. A panel of a size representative of a full-scale hull panel (i.e. typically the portion of the hull delimited longitudinally by two bulkheads or ring frames and transversally by two girders or stringers) is cut out of the bottom of the model and replaced by a panel with a high specific stiffness, which does not touch the cutout sides. A load cell is fitted on top of this panel and supported by a rigid stud, which, in turn, is connected to the reinforced internal structure of the model (figure 1). By this arrangement, the external pressure loads acting on the panel are transmitted through and measured by the load cell.
Effectively, slam patches may be considered as pressure transducers with a very large diaphragm. By dividing the force measured by the load cell by the known surface of the scaled panel, the average pressure acting on the panel can be directly obtained.
Several authors have reported on experiments involving the measurement of slamming loads through the use of arrays of pressure transducers fitted on the hull of model and full-scale vessels [15] [14] [8] [1] [9] . It is generally observed that the pressure distribution following a slam is highly non-uniform. Hence, with diaphragm sizes typically in the order of 1-2 mm 2 , pressure transducers provide a very local measurement and several sensors must be used if an estimate of the pressure distribution over a hull panel is sought. Conversely, slam patches allow the average pressure to be measured over a set area with only one transducer, while local peak pressures may only be inferred. Among the authors who have studied the problem, there is a rather wide agreement on the fact that the average pressure values offer a better starting point for understanding the structural behaviour of the hull panels exposed to slamming. Allen and Jones [1] , for example, stated that the "average uniformly distributed pressures should correlate much more closely with measured structural responses in plating, stiffeners and frames, than would the peak pressures as measured on individual gauges." Two main considerations support this statement: firstly, measurements of local pressures performed on vessels in a seaway, tend to show considerable scatter as small variations of the impact angle and of the water surface state can produce very large differences. It is thus extremely difficult to repeat two identical slams even in a controlled laboratory environment. Secondly, the local pressure peaks tend to act for a very short time, (often smaller than the first natural period of the panel) and over a very limited area. The response of the first natural modes of deformation of the structure is then only marginally affected by these values and correlates more closely with the relatively slower variation of the average pressure.
Several aspects influenced the design and construction of the slam patches. The size was chosen to correspond to a full-scale panel of the Open 60' yacht represented by the model, while a square shape was adopted in order to minimise the moments acting on the load cell. This produced a panel size of 80x80mm at model scale. Preliminary seakeeping tests [5] indicated the main slamming area to be comprised between 25% and 45% of the waterline length aft of the forward perpendicular. Six slam patches were then fitted in this portion of the hull, respectively three along the centreline and three on the starboard side, placed along the centreline of the wetted area corresponding to a 20 degrees heel angle. In order to ensure sufficient stiffness and strength of the model and to provide a firm point of attachment for the support stud connecting the panel to the model, additional stiffening members were laminated into the model, as shown by figure 1. All six panels were made of glass fibre and polyester resin, laminated in a female mould of the model. The thickness of the panels varied between 2.5 and 3 mm. A small GRP bridge structure was then laminated on the upper side to allow an accelerometer to be mounted at the centre of the panel while providing an attachment point for the load cell. A 1.5mm gap was left between the panels and the hull cutout: the reduced length of the support studs together with the stiff general construction ensured that the panel would never come in contact with the surrounding structure and that all the loads would be carried by the load cell.
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Watertight integrity was guaranteed by a thin film of latex applied over the exterior side of the panels and attached only to the surrounding part of the hull. This method had been validated previously by Kapsenberg et al. [10] and offered the smallest interference with the panel movements under the applied loads.
Three piezoelectric load cells with a range of +/-500 N and a natural frequency of 70kHz were used, allowing the force to be measured only on three of the six panels at each slam. Several different arrangements were adopted in order to investigate the evolution of the pressure, both in the longitudinal and transverse direction. It was initially planned to fit four pressure transducers at the corners of the aftmost centreline panel to provide an element for comparison with the slam patch measurements. However, at the time of performing the tests, only four sensors with a range of 13.5kPa could be sourced. Although not suitable for measuring the peak pressures, these transducers were used anyway to provide an indication of the evolution of the pressure front over the adjacent panel.
Two accelerometers with a range of +/-10G were fitted on the bow and at the LCG of the model, while piezo-electric accelerometers with a range of +/-1000G were placed on the instrumented panels to measure their inertial response.
Furthermore, during the rotational drop tests, a linear potentiometer attached between a fixed overhead point and the bow was used to obtain the vertical velocity of the model at the time of impact. During tests in waves with forward speed, this velocity was deduced from measurements of heave and pitch available from the transducers fitted on the towing post. All tests were filmed by using two video cameras (one under water an one just above the surface) to provide further visual information. The layout and numbering of the sensors is shown in figure 2 .
The experiments were performed with the model held stationary and also attached to a towing tank carriage in the following series: rotational drop tests with zero forward speed, rotational drop tests with forward speed and towing tests in waves. Rotational drop tests were performed by supporting the model from the transom with a purpose built rig and by letting the bow fall freely into the water from variable heights. To ensure repeatability, a release mechanism based on an electromagnet was implemented. The point of first contact with the water and the trim angle at impact could be varied by adjusting the transom height. For drop tests with forward speed, the support rig was attached to the underside of the towing tank carriage and the model was released onto the calm water when the set speed was reached. Forward speed tests were performed in a way similar to standard seakeeping tests, by towing the model in regular waves: the model was allowed to heave and pitch freely and was restrained in sway, surge, roll and yaw. The tests were performed in regular waves rather than in a set of irregular waves because this would guarantee better repeatability of the measurements and allow a larger number of slams to be recorded at each run.
Where possible, a number of parameters were varied in isolation within each test series to investigate their influence. Thus, for the drop tests, impact velocity, forward velocity, displacement, longitudinal radius of gyration, point of initial impact/trim angle at impact and heel angle were varied. For the forward speed tests, displacement, forward velocity and wave height and slope were varied. A summary of the main test parameters can be found in table 2.
All signals from the sensors were collected through two 8-channel A/D converters and logged with a desktop PC. Sampling rates ranging between 2KHz and 10kHz were used, depending on the length of the acquisition and on the number of logged signals. Calibration of the pressure transducers was performed with a 1.2m tube filled with a column of water of known height, placed over the sensors with the hull turned upside down. Readings from the load cells were checked by forcing vertical oscillations of the model in water and by comparing measurements with the pressure transducers. The difference was generally smaller than 2%.
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The behaviour of a slam patch is more easily understood through the analysis of a mechanical analogue. Thus, to a first approximation, the slam patch assembly may be described as the one-degree-of-freedom system shown in figure 3 . The force measured by the load cell is equivalent to the force exerted by the spring onto the mass element (i.e. the panel) m sp and is then proportional to its displacement relative to the support structure m mod . It can be demonstrated that, depending on the time history of the external load, the phase and relative amplitude of the response may vary, or in other words, that the measured force may differ from the externally applied one [17] . On this point, Kapsenberg [10] commented that the slam patch behaves as a "mechanical filter", responding linearly to the slow variations of the pressure load and hardly reacting to the faster ones. The slamming load acting on the panel may then be known by measuring jointly the force applied to the load cell and the acceleration of the panel itself. In the present investigation, this was done by fitting high frequency accelerometers onto the panels that were supported by the load cells.
Preliminary tests performed with an impact hammer, proved that it was thus possible to measure the external transient load with accuracy greater than 5%. However, when the same method was applied during the drop tests, the results were unreliable: while the forces measured by the load cells showed very good repeatability, the acceleration data were totally uncorrelated. It is believed that this was due to water impact producing a larger response of the vibrational modes of the panel itself. Hence, the measured accelerations were not representative of the "rigid-body" motion of the panel. This fundamental problem is difficult to overcome as most solutions (e.g. fitting additional accelerometers on the panel, using a stiffer panel) would increase the weight of the panel and, thus, reduce the natural frequency of the slam patch. Therefore, when an exact measure of the external slamming load is sought, a dense array of conventional pressure transducers may offer a better solution than slam patches. On the other hand, it can be argued that, in view of structural design, the force measured by the load cell of a slam patch may represent a more useful piece of information than the external load. In fact, similarly to the slam patch, the structure of the full-scale boat does not respond linearly to the transient slamming load. For the purpose of structural design, it is then customary to refer to equivalent static pressures as the load which, if applied statically to the structure, will result in the same amount of deformation and stress as the ones produced by the actual dynamic loading [8] . Provided the slam patch replicates the dynamic behaviour of the full-scale structure, the force it measures should correspond exactly to the equivalent static load on the hull panel.
The natural frequencies of all the slam patches were measured in the dry condition by impact hammer tests and found to lie in the range between 425Hz and 610 Hz, equivalent to a full-scale range of 160-230 Hz. Table 3 reports the first bending mode natural frequency obtained by using analytical formulas [19] for the corresponding full-scale panel with different boundary conditions and different material properties. Similarly, finite element analysis carried out by Manganelli [13] indicates the first natural frequency of a typical rectangular panel of a modern Open 60' (made of a monolithic carbon fibre-epoxy laminate) to be in the range of 185 to 300 Hz, again depending on the boundary conditions. It was then concluded that the frequency response of the slam patches was representative of that of an actual full-scale hull panel.
HYDROELASTIC EFFECTS AND SCALING OF THE LOADS.
It is arguable that hydroelasticity plays an important role in the determination of slamming loads. Both Faltinsen [7] and Bereznitski [2] agree on the point that hydroelastic effects reduce the amplitude of the response of the structure subject to slamming loads. Simply put, this may be explained by the fact that the deflection of the structure produced by the initial slamming force induces a drop of the velocity of the structure itself relative to the water: this drop, in turn, brings a reduction of the pressure exerted by the fluid on the impacting body and, hence, a lower maximum deformation. It appears then that, in order for the structural behaviour of the model to be representative, full-scale hydroelastic effects should be replicated correctly at model scale. This raises two main issues.
Firstly, it may be observed that the behaviour of the slam patches used in the present investigation does not reproduce exactly that of an actual hull panel. The first mode of deformation of the slam patch involves a nearly uniform vertical displacement of the panel as the load cell contracts and expands like a spring. Conversely, a hull panel has the vertical motion of its edges constrained by the surrounding structure and its first bending mode can involve a very different amount of deflection between the edges and the centre, depending on the boundary conditions. If then the first natural frequency of the slam patch and its stiffness are equivalent to those of the hull panel, the overall reduction of relative velocity following impact is expected to be more important for the slam patch panel (as the whole panel deflects upwards instead of just the central portion). Hence, larger hydroelastic effects and consequently lower response may be observed for the slam patch. When scaling measurements from model to full-scale, this would lead to an underestimation of the actual response or, in other words, to a non conservative prediction of the equivalent loads.
Secondly, it can be demonstrated that, if the behaviour of the slam patch is to replicate that of a hull panel in terms of the bending stiffness (defined as the ratio of the force uniformly applied over the panel to the deflection at its centre), the stiffness k sp of the patch should be equal to: 
where R is the scale factor (7 in the present study), k fsp is the equivalent bending stiffness of the full-scale panel and E fs , t fs , and b fs , are respectively the modulus of elasticity, thickness and length of the full-scale panel. á is a coefficient whose value depends on the boundary conditions and on the length/width ratio of the panel and, in the present case, is comprised between 0.0138 (for all edges fully clamped) and 0.0444 (for all edges simply supported). It has been suggested by Sellars that hydroelastic effects should be scaled on the basis of a constant Cauchy number [16] , which is an expression of the relative magnitude of inertial forces to elastic forces, and can be expressed as:
(2) with ñ being the density of the water, V the impact velocity and l a typical linear dimension of the structure. If the density of water is the same for model and full-scale conditions, equation (1) is compatible with a constant Cauchy number when velocities are scaled on the basis of constant Froude number.
Considering the slam patches used in the present study, table 3 shows that the ratio of the stiffness k sp to the bending stiffness of a full-scale panel was of the order of 1/R and therefore too high. In relative terms, the attenuation of the structural response due to hydroelastic effects may then be expected to be lower at model scale.
It is important to note that, from a practical point of view, correcting this problem would be very difficult. Indeed, the stiffness k sp of the slam patch is strictly dependent on the rigidity of the load cell, which, typically, is determined by manufacturing characteristics and cannot be easily altered. Besides, in the present case, the requirement for the natural frequency of the slam patch to be correctly scaled would also call for an extremely low panel weight, hardly achievable if sufficient stiffness is to be guaranteed.
Based on the conclusions drawn by Bereznitski [2] , it appears that the effects of hydroelasticity depend mainly on the ratio of the impulse duration to the first natural period of the structure, and that they are not very sensitive to changes in stiffness. It seems preferable then to privilege a correct scaling of the natural frequencies than of the stiffness. Furthermore, a quantitative estimate of the error introduced by the incorrect scaling of hydroelastic effects may be obtained from the data presented by Bereznitski for a two dimensional beam. These indicate that an augmentation of the bending stiffness by a factor of 7.9 (i.e. close to the present case) would produce an increase of the structural response by approximately 35%. An error of the same magnitude may then be considered to affect the estimate of the full-scale equivalent slamming loads obtained from the measurements performed in the present study.
Finally, it has been noted by Sellars that the effects of air entrapment do not scale due to the velocity of sound in air being the same at model and full-scale. As a result, the attenuation of the slamming pressures induced by this phenomenon is expected to be more significant at full-scale. This may again contribute to render the load predictions obtained from model tests conservative [16] . However, drawing from a comparison between experimental data and analytical model predictions, Wraith [18] suggests that the cushioning effect of air entrapment is negligible for bodies with the curvature radii typically found in 6 sailing yacht hulls. Hence, it may be concluded that the error introduced by the incorrect scaling of air entrapment effects in the present study was marginal.
EXPERIMENTAL RESULTS
The most relevant results obtained from all test series are discussed below. A more comprehensive description of all the acquired data may be found in [5] and [13] . All data are presented for the full-scale yacht. In conformity with the considerations on scaling set out in the previous section, Froude scaling has been applied. Pressures are reported as measured by the load cells and no correction from the acceleration of the panel has been included. As mentioned previously, the loads thus obtained correspond to the equivalent static loads normally referred to for design purposes.
The relation between impact velocity and maximum equivalent average pressure on the panels is shown in figures 4 and 5. In particular, figure 4 presents the pressures obtained from rotational drop tests with zero heel angle. Experimental data have been fitted by a least squares method with trend lines of the form:
, with P n representing the maximum equivalent average pressure on panel "n" and V i g the velocity recorded at the centre of the panel at the time of impact (although the accelerometers gave evidence of a small amplitude longitudinal bending vibration prior to impact, this effect was neglected and the model was considered to move like a rigid body for all the time preceding impact; a more comprehensive description of this phenomenon together with a justification of the rigid body assumption can be found in [13] ). The parameters b n and g n are given for all six panels in table 4. Normalised rms errors between experimental values and the theoretical fitting line are equally presented in table 4. Considering the large scatter that often affects experimental measurements of slamming pressures, the repeatability of these results was very satisfactory. Despite the tests being performed with a limited set of drop heights, it was extremely difficult to repeat impact velocities accurately: this was explained by the fact that differences in drop height of a few tenths of a millimetre would be sufficient to produce appreciable variations of the impact velocity. The data reported in figure 4 correspond to a series of drops carried out in the standard condition, i.e. with the standard displacement and mass moment of inertia (as indicated in table 2) and with the transom height set for a point of first contact between the hull and the water placed at 34.5% of the waterline length aft of the forward perpendicular. In this condition, panel 2 hit the water slightly before panel 1 and 3 in the upright tests, and similarly panel 5 preceded panel 4 and 6 in the heeled tests.
It can be noted that the values of the exponents are very consistent, possibly with the exception of panels 4 and 5, which also feature the smallest mean curvature radius. A qualitative justification for the observed values of g may be presented as follows: on the basis of theoretical considerations founded on the principle of conservation of momentum, and in the absence of all factors that may limit the pressures acting on the panels (e.g. effects of the compressibility of water, cushioning by entrapped air, etc.), pressures would be expected to be proportional to the impact velocity squared. However, as the velocity increases, the pressure pulse duration and rise-time decrease proportionally: as the pressure rise and decay times become shorter than the first natural period of the panel, the ratio of the maximum response to the maximum excitation will equally decrease. Furthermore, hydroelastic effects and air entrapment are both expected to reduce the maximum load with increasing impact velocities. In this respect, it may be noticed from figure 4 that the pressures recorded at the highest impact velocities tend to lie below the trend line: this may be an indication of the fact that, at higher velocities, attenuating factors become even more important.
The effect of panel curvature may be observed by comparing the results for panel 2 and 5: as the curvature radius decreases from 6.2m to 1.94m, b shows a 52% reduction. On the contrary of what would be expected, in the same case, g increases. This, however, may be explained by the fact that a lower number of data points was used for the calculation of g 5 .
The effect of the trim angle of the panel at the time of impact was investigated by performing rotational drop tests with different transom heights: as a result, the point of first contact with water was shifted fore and aft of the area where the slam patches were fitted. A summary of the results of these tests is presented 7 in figure 6 . It was noted that small changes in trim (i.e. of the order of 1 deg) did not have a significant effect on the values of g while they altered b by as much as 50%. The detailed analysis of panel response times and of vertical displacement time histories obtained from the linear potentiometer, indicated that no sensible change in the vertical velocity of the model happens between the time of impact and the instant when the maximum force is measured by the load cells. This was further investigated by performing tests with increasing mass moments of inertia (the equivalent of increasing displacement for standard translational drop tests) and constant impact velocity. Figure 8 shows that no consistent variation of the maximum pressure on panel 2 could be observed for an increase of the inertia of up to 80%. This supports the thesis that, for relatively small hull panels, maximum pressures depend mainly on the impact velocity and are not affected by displacement.
Results obtained with the model towed in waves are shown in figures 9 to 11. All tests were performed in regular waves in the towing tank of the Southampton Institute for Higher Education. The standard testing condition included the same displacement D 0 adopted for the drop tests and a boat speed of 8.8kts (F n =0.35 is considered to be representative of an Open 60' sailing upwind in rough seas). Due to the size limits of the towing tank, tests were only performed in bow waves (m=180deg). In order to maximise the occurrence of slamming, the wavelength was adjusted to produce the encounter frequency corresponding to the maximum value of the pitch RAO [5] . A wave height variation of 0.075m to 0.18m at model scale (i.e. 0.525÷1.26 m at full-scale) was initially planned. It was later found that heights lower than 0.09m would not produce any slamming while waves higher than 0.16m would cause the bow of the model to hit the underside of the towing carriage. Between four and eight slamming events could be recorder at each run. In spite of all efforts made to guarantee good repeatability, impact velocities, and consequently impact loads, were still affected by noticeable scatter. Typically a normalised rms scatter of 5% could be observed for impact velocities and of up to 35% for impact pressures, within the same run. Nevertheless, some clear trends could be identified in the acquired data. Figure 9 shows the pressure-velocity relation obtained for panels 1 to 3 from tests in the upright condition with standard boat speed and increasing wave height. The mean values and standard deviations of impact speed and impact pressure were calculated for all slams in each run. This resulted in the data points and the error bars represented in figure 9. It will be noticed that, for the same impact velocities, the equivalent average pressures generated by impacts in waves were almost always lower than those observed in the drop tests. Several factors were responsible for this reduction: first of all, the average trim angle of the panels at the time of impact ranged from -2 to +6 degrees; results from the drop tests series proved that smaller variations of the trim angle were sufficient to substantially decrease the maximum pressures. Also, footage obtained from both the underwater and above-water camera, confirmed that a considerable amount of water remained attached to the bottom of the hull in the phase between emersion and re-entry, and that the associated dripping altered the state of the free surface prior to each slam. The effects of these irregularities were not covered by drop test investigations, however results published in [3] and [4] for cylinders with circular section indicate that, specially at small trim angles, they may reduce the maximum amplitude of response by up to 20%. More importantly, figure 10 illustrates that, while average pressures are generally lower for the tests in waves, occasionally some slams could produce loads equal or even marginally higher than those measured in the drop tests. It seems then reasonable to conclude that the drop tests results may be retained as a close indication of the maximum equivalent slamming loads experienced by the hull of a yacht in a seaway.
Finally, the effects of displacement variation were analysed as shown in figure 11 . In particular, tests were performed with three different displacements, by adding weights at the LCG of the model (thus leaving the moment of inertia virtually unchanged), equivalent to the mass of the water ballast taken onboard by some Open 60s'. The wave encounter frequency was always kept the same as in the standard test conditions. Hence, the relative amplitude and phase of the motion would be expected to change for different displacements. The common perception that increased displacement makes a boat more sea kindly, was confirmed by the measurements: indeed, in the higher ballast configurations, slamming was not observed on panel 2 and 3 for wave heights lower than 1 metre. A comparison of the loads on panel 1 showed that these remained approximately constant in the intermediate ballast condition and eventually decreased at the highest displacement. This latter phenomenon was most probably produced by the boat slamming "earlier" on the back of the wave and, consequently, with higher trim angles.
Although an investigation of the effects of forward speed variation was planned, due to a failure of the data acquisition system, a representative quantity of data could not be obtained.
Rotational drop tests with forward speed in the upright and heeled condition, reproduced closely the results observed for the zero speed homologues, to the only exception of the pressures measured on panel 4. This showed a marginal increase of the loads at the highest speeds. It was then concluded that slamming loads were only dependent on the component of flow velocity perpendicular to the panel surface, and that the increase shown by panel 4 was due to its normal vector being oriented slightly towards the bow.
CONCLUSIONS
A simple and reliable method for the measurement of equivalent "static" slamming loads has been established. The importance of scaling issues has been underlined. It is the authors' belief that some of the discrepancies observed in the published data about slamming pressures, may be due to such issues being overlooked. The results of rotational drop tests in calm water and with no forward speed have confirmed the strong dependency of the structural response on the impact velocity. Formulas that describe this relation have been outlined. Due to a lack of experimental validation, their scope cannot be extended to hull forms and structures different from those examined in the present study. They may however offer a valid reference for qualitative considerations applied to similar yachts.
Maximum panel loads were found to be insensitive to the inertia of the model. However, displacement may play a significant role in the decay of pressures away from the point of first impact. For the presently examined yachts, the low length-volume ratio certainly contributes to a very fast decay.
Measurements of equivalent slamming loads performed in waves with forward speed showed considerable scatter. Small changes of the trim angle at impact and the variable effects of the disturbance produced by the motion of the hull on the free surface were considered as the main causes for this dispersion. While loads originated by slams in waves were generally lower than those observed in the drop tests, equal impact velocities could occasionally induce similar pressures. For the purpose of design, reference should therefore be made to the results obtained from drop tests.
No comparison of the measured loads has been carried out with the design pressures recommended by classification societies and other design standards. For this to be possible, a criterion for the definition of impact velocities should first be established. In this respect, measurements performed by Manganelli on full-scale Open'60 suggest that impact velocities greater than 2.5 m/s may be observed regularly in heavy slamming conditions [13] [12] . Even allowing for the pressures indicated by the drop tests data to be somewhat conservative, the resulting loads would still seem to be dangerously close to the design limits currently adopted for these structures. It may then be concluded that, through different ways, the structural designers of the boats examined here have come to reduce safety margins to very low levels and that any step towards further structural optimisation should be taken with the greatest caution.
- Table 1 In the "high transom" condition, relative to the standard condition, P1 loads increased by an average of 19.3%, P2 loads decreased by an average of 13.2% and P3 loads decreased by an average of 19%. In the "low transom" condition, relative to the standard condition, P1 loads decreased by an average of 8.6%, P2 loads decreased by an average of 10.5% and P3 loads increased by an average of 28.5%. 
